Abstract Growth/differentiation factor-15 (GDF-15) is a distant member of the transforming growth factor beta (TGF-β) superfamily. It is widely distributed in the nervous system, where it has been shown to play an important role in neuronal maintenance. The present study investigates the role of endogenous GDF-15 in sciatic nerve (SN) lesions using wild-type (WT) and GDF-15 knock-out (KO) mice. SN of 5-6-monthold mice were crushed or transected. Dorsal root ganglia (DRG) and nerve tissue were analyzed at different time points from 6 h to 9 weeks post-lesion. Both crush and transection induced GDF-15 mRNA and protein in the distal portion of the nerve, with a peak at day 7. DRG neuron death did not significantly differ between the genotypes; similarly, remyelination of regenerating axons was not affected by the genotype. Alternative macrophage activation and macrophage recruitment were more pronounced in the KO nerve. Protrusion speed of axons was similar in the two genotypes but WT axons showed better maturation, as indicated by larger caliber at 9 weeks. Furthermore, the regenerated WT nerve showed better performance in the electromyography test, indicating better functional recovery. We conclude that endogenous GDF-15 is beneficial for axon regeneration following SN crush.
Introduction
Growth/differentiation factor-15 (GDF-15) was discovered and cloned in the late 1990s and found ubiquitously in organs and tissues (see Unsicker et al. 2013 for a recent review). Multiple functions have been assigned to GDF-15, including roles in the cardiovascular system Nickel et al. 2011; Rohatgi et al. 2011) , tumor progression (Cheng et al. 2011; Kluger et al. 2011; Strelau et al. 2008; Yang et al. 2010) , immune regulation (de Jager et al. 2011; Kempf et al. 2011; Schlittenhardt et al. 2004) , metabolic control (Johnen et al. 2007; Lajer et al. 2010) , skin diseases (Ichikawa et al. 2008; Kluger et al. 2011 ) and osteoclastic differentiation (Hinoi et al. 2012; Vanhara et al. 2009 ).
In the nervous system, GDF-15 has been shown to have neurotrophic functions in vitro and in vivo, most notably in the maintenance of postnatal dorsal root ganglia (DRG) neurons and motoneurons (Strelau et al. 2009 ). It is found ubiquitously in all regions of the rodent central (CNS) and peripheral nervous system (PNS) but at relatively low levels, with the highest mRNA levels being expressed in the choroid plexus (Strelau et al. 2000) . Recent studies have shown that GDF-15 is regulated in different lesion paradigms, as, e.g., coldlesioning of the cerebral cortex (Schober et al. 2001 ) and ischemia (Schindowski et al. 2011 ). More recent experiments on the mouse optic nerve have shown GDF-15 to be upregulated post-lesion, along with several cell-death/survival-related molecules, such as ATF-3, Caspase 8 and Galanin, which were differentially expressed between wild-type (WT) and GDF-15 knock-out (KO) mice. However, cell death of retinal ganglion cells in GDF-15 KO and WT mice followed identical quantitative and temporal patterns (Charalambous et al. 2013) .
PNS axons, in contrast to axons in the CNS, have the ability to spontaneously regenerate after lesioning. Major events in the PNS after lesion include: axon degradation, collapse of myelin sheaths, proximal neurite sprouting, Schwann cell (SC) proliferation forming the Bands of Büngner, invasion of circulating macrophages, removal of myelin debris, elongation of the axon distally, reconstruction of the myelin sheath and reinnervation of the targets (Abe and Cavalli 2008; Chen et al. 2007; Fawcett and Keynes 1990; Navarro et al. 2007; Stoll and Müller 1999) .
Local application of GDF-15 into the lesion gap after a sciatic nerve (SN) transection has been shown to result in an improved sensory but not motor regeneration. Additionally, in the GDF-15-treated animals, a smaller number but more mature regenerated axons were found suggesting that GDF-15 may be involved in PNS regeneration (Mensching et al. 2012) . Since Schwann cells and macrophages, which are most important players in regeneration, are also sources of GDF-15 (Baek et al. 2001; Bootcov et al. 1997; Strelau et al. 2009 ), we investigate a possible impact of endogenous GDF-15 in PNS lesion and regeneration comparing WT and GDF-15 KO mice using SN crush and transection as model systems.
Materials and methods

Animal handling
All animal treatments were performed with permission from the responsible authorities of the University Clinic and Regierungspräsidium Freiburg (G09/099). C57BL6/J WT mice were provided by the animal facility of the BioMed Zentrum, University Clinic Freiburg. The GDF-15 lacZ/lacZ mouse colony was established in Heidelberg (Strelau et al. 2009 ) on a C57BL6/J background and was reestablished in Freiburg by embryo transfer. The animals were held under standard conditions, with a 12/12-h day/night cycle. Food and water were provided ad libitum. All experiments were carried out on mice at the age of 5-6 months.
Surgery
Animals were anesthetized with an intraperitoneal injection of 110 mg/kg ketamin+8 mg/kg xylazine in 0.9 % saline. When respiration became deep and slow (∼1 breath per second), the toe tips were pinched to check the state of anesthesia. After reaching deep anesthesia, the animal was placed onto a heating plate at a constant 39°C and cornea gel was applied. The hair on the limb was shaved and the skin was disinfected using 70 % isopropanol. Skin and muscle were opened by scissors at mid-thigh level and the SN was exposed. Lesions were made at a locus 1 cm proximal to the branching point of the tibial nerve and common fibular nerve. For crush lesion, 5/45 forceps (F.S.T), covered with graphite powder, was used to crush the sciatic nerve for 15 s. For transection lesion, 2 knots were made using 6/0 suture silk (F.S.T) with a 1-mm interval, followed by the transection of the nerve between the 2 knots. The wound was then closed using wound clips. Animals were kept on the heating plate until they regained consciousness and were then put back to the standard conditions mentioned above. At distinct time points post-lesion, sciatic nerves (tibial nerve) were separated by the lesion site. The proximal fragments were further subdivided into Segments A and B and the distal portion of the nerves was subdivided into Segments C and D. Most experiments were done with nerve tissue of Segment C, Segment D and DRG.
RNA and protein extraction
Animals were sacrificed by cervical dislocation. The tissues (SN and DRG) were dissected, briefly washed in pre-cooled PBS and stored in RNALater reagent (Life Technologies). After shaking overnight at 4°C, the tissue was used for RNA extraction or was stored at −20 or −80°C for long-term. Tissues from 2 animals with identical treatments were pooled and transferred from RNALater to a homogenizing tube containing ceramic beads and 400 μl Trifast (PeqLab) reagent. Then, tissues were homogenized in a tissue homogenizer (Precellys 24, Peqlab) (5000 rpm, 15 s × 2 for nerve; 5000 rpm, 15 s×3 for DRG). RNA and protein were then extracted as described by Chey et al. (2011) .
Reverse transcription and real-time qPCR
RNA solution was purified using the RNA Clean & Concentrator™-25 kit (Zymo Research) and 1 μg of total RNA was DNase I (Promega) digested and reverse-transcribed by M-MLV enzyme following the manufacturer's instructions (Promega). Real-time qRCR was performed using MyIQ (Bio-Rad) with GoTaq qPCR Master Mix (Promega 
Western blot
Amounts of 25 or 50 μg of total protein were loaded onto SDS-PAGE gels; the concentration of gel differed according to the molecular weight of the target protein. Electrophoresis was performed under a condition of constant 120 V, for 100 min. Then separated proteins were transblotted onto 0.2-μm or 0.45-μm PVDF membrane (PeqLab, Pekin Elmer) (depending on the molecular weight of the protein) at 100 V, for 100 min. After a brief washing by TBST, the membrane was blocked by 5 % non-fat milk for 1 h at RT, followed by TBST washing and primary antibody (dissolved in 3 % BSA. GDF-15, custom made by ImmunoGlobe, 1:500; GAPDH, ab8245, Abcam, 1:10000; F4/80, ab6640, Abcam, 1:1000) incubation at 4°C overnight with gentle shaking. Generally, following 3 times 5 min washing by TBST, the secondary antibody conjugated with HRP (in 5 % non-fat milk. Antimouse-HRP, 7076, Cell Signaling, 1:5000; anti-rabbit-HRP, 7074, Cell Signaling, 1:5000; anti-rat-HRP, 7077, Cell Signaling, 1:5000) was then applied onto the membrane for 1 h at RT. Subsequently, the membrane was washed and incubated with the HRP substrate for enhanced chemiluminescence (ECL, Life Sciences) (500 μl A+500 μl B/membrane) for 5 min and the signals were visualized on a photographic film (Life Sciences). The optical density of the bands was measured by Image J software (NIH, http://imagej.nih.gov/ij/) and were used for quantification (GAPDH was used as a reference gene in all cases).
Immunohistochemistry and histology
Animals were sacrificed by cervical dislocation and subsequently nerves and DRGs were dissected and immersed in 4 % PFA in 0.1 M PBS for 4 h. For immunostaining, tissues were transferred into 30 % sucrose in 0.1 M PBS, with overnight shaking. After cryo-protected using tissue freezing medium (Leica), tissues were stored at −80°C. Cryotome sectioned tissue (10 μm thickness) was blocked by normal donkey serum (1:200), incubated with primary antibodies at 4°C overnight (GDF-15, custom made by ImmunoGlobe, 1:200; S100β, Z0311, DAKO, 1:500; F4/80, ab6640, Abcam, 1:200). According to the expression level, sections were then incubated with fluorescence-linked secondary antibodies (DaR-Cy3, 711-165-152, Dianova, 1:500) or biotinconjugated antibodies followed by streptavidin-linked Cy2 or Cy3 (DaR-Biotin, 711-065-152, Dianova, 1:500; Streptavidin-Cy2, 016-220-084, Dianova, 1:500; Streptavidin-Cy3, 016-160-084, Dianova, 1:500). The signal was visualized using an Axioplan 2 microscope (Carl Zeiss).
DRG neuron quantification was done as previously described (Strelau et al. 2009 ). For axon quantification and size distribution, the SN and tibial nerve were fixed in paraffin. Nerve tissues at 0.5, 1.2 and 2.0 cm distal to the crush site were cut into 10-μm sections. The sections were stained by Tuj1 (Tuj-1, MMS-435P, Covance, 1:1500) for axons and S100β (see above) for SCs (Nikolaev et al. 2009; Prinz and Priller 2014; Saijilafu et al. 2011) .
Electron microscopy
The SN/tibial nerve was dissected and incubated in 2.5 % glutaraldehyde solution (in 0.1 M PB) for 2 h at RT. The tissue was then incubated in 1 % OsO 4 in 0.05 M PB in the dark at RT for 2 h, followed by a dehydration process with gradient ethanol and propylene oxide. The nerve was then carefully embedded into Epoxy resin in a rubber mold and polymerized at 58°C for ∼3 days. To measure the g-ratio, samples were cut into ultra-thin sections (60 nm, EM UC6, Leica) at 0.5 cm distal to the lesion site and mounted onto copper slot grids coated with Formvar. Images were taken at 1670-fold magnification on a Zeiss electron microscope (LEO 906E). Images were randomly chosen and all intact myelinated axons on the screen were measured in two directions (long axis and short axis) to record the diameter of the axon and the nerve fiber (axon and myelin sheath). The g-ratio was calculated by dividing the axon diameter by the diameter of the nerve fiber.
Electromyography (EMG)
Five and nine weeks after the unilateral SN crush, WT or GDF-15 KO mice were anesthetized by intraperitoneal injection of 187.5 mg/kg ketamine and 12.5 mg/kg xylazine in 0.9 % saline. Reflexes were checked by pinching the toe tip. One grounding electrode was subcutaneously injected into the tail. To stimulate the SN, skin and muscles were opened at mid-thigh level and two stimulation needle electrodes were placed next to the SN. Two recording needle electrodes were injected subcutaneously above the musculus digitorum brevis. The SN was stimulated by increasing current pulses of constant duration of 200 ms. Resulting EMG signals were recorded at the musculus digitorum brevis (PowerLab26T, AD Instruments). For the analysis of latency and amplitude, only signals triggered by supramaximal stimuli were evaluated. Amplitude was defined as the voltage interval between the minimal and maximal peak of the recorded signal. The latency was defined as the time interval between the given stimulus and the maximal peak of the recorded signal. The conduction velocity (CV) was calculated by distance from stimulation to recording site divided by latency.
Statistical analysis
Data are presented as mean±SEM (only in the EMG test) or mean±SD (all other tests). Significant differences were determined by unpaired t-test (neuron quantification, g-ratio, EMG test) or by one-way ANOVA followed by Tukey post hoc test using the GraphPad Prism software. p values are shown as: ns (p>0.05, not significant), * or # (0.05>P>0.01), ** or ## (0.01>P>0.001), *** or ### (P<0.001).
Results
GDF-15 expression in DRG and SN post-injury
Since the two types of lesion (crush and transection) in SN were previously shown to have different effects on DRG neuron survival and nerve regeneration (Navarro et al. 2007) , both lesion methods were initially applied to WT animals in the present study. In the DRGs, after crush lesion, GDF-15 mRNA levels were slightly increased, reaching a maximum at 3-7 days post-crush, followed by a decrease to control levels at 28 days (Fig. 1a) . In the transection model, GDF-15 showed a similar pattern as in the crush model, though with a higher fold-increase in the size of the peaks at 3-7 days, respectively (3-fold, as compared to 2-fold in crush) (Fig. 1b) . In segment C (distal to lesion) of the SN crush model, GDF-15 mRNA showed a similar pattern of up-and down-regulation but peaked at 7 days with ∼25 times higher expression than basal levels, followed by a stabilization at 14/28 days with 10-15 times higher levels than the control (Fig. 1c) . The dramatic increase of GDF-15 mRNA in the distal part of the nerve was paralleled by western blot (Fig. 1g) , showing that protein expression was ∼8 times above control level at 7 days post-lesion (Fig. 1e) . Similar results were found in Segment C of the transection model. GDF-15 mRNA reached a ∼12 times increase at 7 days, followed by stabilization at 14/28 days being ∼10 times higher than control levels (Fig. 1d) . Western blots of GDF-15 in Segment C (∼8-fold increase at 7 days and ∼5-fold at 28 days) further substantiate a lesion-induced GDF-15 regulation in peripheral sciatic nerve (Fig. 1f, h) .
GDF-15 expression was also checked at the histological level. For WT and KO animals, Segments C of SN were dissected at day 7, cryo-sectioned (10 μm) and stained with GDF-15 and S100β (marking SCs) antibodies. In WT, crushed nerve exhibited increased GDF-15 immunoreactivity (ir) compared to unlesioned nerves, which further confirmed the above qRT-PCR and Western blot results (Fig. 2a-f ). For the KO nerve, no GDF-15 ir was detected in the unlesioned condition (Fig. 2j-l) or crushed condition (Fig. 2g-i) .
DRG neuron survival/death
GDF-15 has been featured as a potential neurotrophic factor and shown to influence adult neuron survival under physiological conditions (Schober et al. 2001; Strelau et al. 2009 ). In this study, the effect of GDF-15 on L4 DRG neurons under lesion condition was determined after transection of the SN. In unlesioned controls ( Fig. 3 ; wt con/ko con), DRG of KO showed fewer sensory neurons than WT (although not statistically significant), which coincides with previous observations that KO DRGs undergo a mild postnatal neuron loss (Strelau et al. 2009 ). At 14 days after SN transection, DRG neuron numbers on the lesion side revealed a reduction of ∼25 %, without an imparity between WT and KO (Fig. 3a) . At 28 days after transection, the reduction reached 50-60 %, however, neither genotype showed any difference (Fig. 3b) .
Inflammation and macrophage recruitment
Nerve lesion induces a local inflammation. Macrophages are recruited to the lesion site, where they proliferate and become activated (Gold et al. 1999; Murray and Wynn 2011; Navarro et al. 2007; Stoll and Müller 1999) . Inflammatory regulators, alternative macrophage activation markers and macrophage markers were determined in nerve tissue distal to the SN crush lesion. Monocyte chemotactic protein 1 (MCP-1) mRNA followed an up-and-down expression pattern after lesion, from 1 to 7 days. There was a 5-to 8-fold increase above basal levels but no difference between the genotypes was observed (Fig. 4a) . Interleukin-1β (IL-1β) mRNA exhibited two peaks, at 6 h/1 day (30-40 fold) and at 7 days (10-20 fold) (Fig. 4b) . At all time points, higher levels of IL-1β were seen in the KO than in the WT, especially at 1 and 7 days. Interleukin-6 (IL-6) mRNA also revealed two waves of upregulation, at 6 h/1 day (10-20 fold) and at 3/7 days (5-15 fold). Levels in the KO significantly surpassed the WT at 3 and 7 days (Fig. 4c) . Macrophage-2 antigen (MAC-2) mRNA was upregulated after lesion in both the genotypes; however, the KO clearly showed higher mRNA expression at all time points compared to the WT (Fig. 4d) .
Arginase 1 (Arg 1) mRNA levels were 150-250 fold elevated at day 1 followed by a sharp decrease (Fig. 4e) . Arg 1 mRNA levels in the KO tended to exceed those in the WT at all time points (not statistically significant). The pattern of Ym 1 (also: chitinase-3-like-3) mRNA expression was similar to Arg 1, levels in the KO exceeded those in the WT at all time points, especially at day 1 (Fig. 4f) . The lesion affected mRNA levels of CD11b and F4/80 showed similar expression patterns. Both profiles increased during time, indicating an accumulation of macrophages distal to the lesion site (Fig. 4h, i) . Both markers reveal that expression in the KO was consistently higher than in the WT (especially at 14 days for CD11b, at 1 and 7 days for F4/80). Western blots of F4/80 corroborated the qRT-PCR results (Fig. 4g, j) . Immunohistochemistry of F4/80 in the distal nerve further verified the phenotype suggesting that more macrophages were present after injury in the KO (Fig. 4l, m) .
Axon remyelination
When a regenerating axon contacts a Schwann cell in the distal portion of a crushed nerve, the Schwann cell starts to Fig. 1 GDF-15 expression in DRG and nerve distal to lesion. qRT-PCR results show GDF-15 mRNA in DRG after SN crush (a) or transection (b), GDF-15 mRNA in Segment C after SN crush (c) or transection (d). GDF-15 protein levels in Segment C were quantified by western blot in for crush lesion (e, g) and for transection lesion (f, h). i, j Schematic diagrams of lesion and tested tissue showing the different segments of the nerve for analysis. Data were normalized to GAPDH and shown as mean± SD, n=3. p values were calculated by one-way ANOVA followed by Tukey post hoc test, *p<0.05, **p<0.01, ***p<0.001 Fig. 2 GDF-15 immunoreaction (ir) in SN after crush lesion. GDF-15 ir is shown in red, S100β ir in green; DAPI for staining nuclei is blue. a-f WT crushed distal nerve, 7 days post-injury (dpi). d-f WT unlesioned nerve. g-i KO crushed distal nerve, 7 dpi. j-l KO unlesioned nerve. m Schematic diagrams of lesion and tested tissue showing the different segments of the nerve for analysis. Scale bar 10 μm myelinate and reconstitute the myelin sheath. This is an important step in regeneration (Fricker et al. 2011; Simons and Trotter 2007; Stassart et al. 2013) . To identify the remyelination of regenerating axons, unlesioned and crushed SNs were dissected at 28 days after injury from both WT and KO animals. Samples were fixed in OsO 4 , resin-embedded and cut into 60-nm ultrathin sections to determine the g-ratio (Fig. 5a-d) . As shown in Fig. 5e , on the non-lesioned side, the KO nerve had a smaller g-ratio than the WT indicating a relatively thicker myelin sheath. This corroborates the previously observed hypermyelination phenotype of peripheral GDF-15 KO nerves (Strelau et al., unpublished) . After lesion, the original myelin sheath was degenerated and partly recycled in the crushed distal nerve stump and subsequently regenerating axons were re-enwrapped by myelin. However, both genotypes showed a similar g-ratio of the new myelin sheath (Fig. 5e ).
Regenerating axon quantification and size distribution
Highly efficient regeneration can be assumed to lead to a faster axon regrowth from the lesion site towards distal targets (Giger et al. 2010; O'Donnell et al. 2009 ). Axon numbers in the tibial nerve or in the tibial bundle of SN were recorded (Fig. 6a-f) . As previously reported, KO animals have a progressive motor-/sensory neuron loss phenotype (Strelau et al. 2009 ), which would result in a reduced axon number in KO animals. Thus, as expected, the KO control group had fewer axons than the WT control group throughout. After crush, the difference in total axon number between WT and KO was maintained (Fig. 6a-f) .
For regeneration, efficiency, speed and maturation/ diameter of the regrowing axon are all essential attributes. Conduction velocity is correlated to the axon diameter (Kriz et al. 2000; Waxman 1980 ). To determine the axon size distribution in the distal fragment, 3 sub-groups were analyzed: (1) axons with a diameter larger than 5 μm, (2) diameter between 2 and 5 μm and (3) diameter less than 2 μm. The group of middle-sized regrown axons (gray bar) at 9 weeks occupied a slightly larger portion compared to 5 weeks (Fig. 6a-c vs. df), suggesting an improved maturation at the later time point. In addition, WT displayed a higher percentage of middle-sized axons than the KOs in all three locations studied at 9 weeks after lesion (Table. 1). As axons thicker than 2 μm were mostly myelinated, this category could be the main contributor to improved impulse conduction (see below).
Electromyography (EMG)
To determine the functional outcome of axon regeneration in WT and KO animals, electromyography (EMG) was performed at 5 and 9 weeks after SN crush. EMG provides information on velocity and strength of impulse conduction from nerve to muscle (Pattichis et al. 1999) . Five weeks after crush, both WT and KO showed a significant reduction of conduction velocity (CV) (Fig. 7a) . Nevertheless, the amplitude was significantly decreased when comparing the control side to crush lesion side (Fig. 7b) . However, there were no significant differences between WT control versus KO control or WT lesion versus KO lesion. Nine weeks after lesion, both CV and amplitude patterns resembled the 5-week pattern, with significant changes between control and lesion sides but not between WT and KO (Fig. 7c, d) .
Interestingly, when comparing data between 5 and 9 weeks post-injury, a significant improvement in the lesioned WT EMG was observed, in contrast to the lesioned KO EMG, where no significant improvement was detected (Table 2 ). In the lesioned WT, the CV was increased after 9 weeks by 20 % Fig. 3 L4 DRG neuron quantification after SN transection. L4 DRGs from WT and GDF-15 KO animals were sectioned, Nissl stained and analyzed at 14 days (a, n=3) or 28 days (b, n=3) after SN transection. Data are shown as mean±SD. p values were calculated by one-way ANOVA followed by Tukey post hoc test, *p<0.05, **p<0.01 (p < 0.05) and the amplitude was increased by 204 % (p<0.05). In the lesioned KO, the CV was decreased by 6 % and the amplitude was increased by 27 % but no statistical differences between the two time points were observed. The difference in functional recovery may result from the better maturation of regenerated axons in WT (Fig. 6j-l) , which contributed to better impulse conduction.
Discussion
The present study addressed the putative roles of GDF-15 in peripheral nerve lesion and regeneration using SN crush and transection as model systems.
SCs and macrophages are the principal sites of GDF-15 synthesis in peripheral nerves (de Jager et al. 2011; Strelau et al. 2009 ). After a peripheral nerve lesion, Schwann cells proliferate and phagocytose axonal debris and their activity peaks at 3-7 days post-lesion (Griffin and Thompson 2008) . Circulating macrophages infiltrate the lesion and distal nerve and, together with local resident macrophages, they exhibit highest activity at 4-7 days post-lesion (Tofaris et al. 2002) .
The active time frame of Schwann cells and macrophages matches the expression curve of GDF-15, with a peak at 7 days post-lesion. As the newly formed axons protrude, SCs contact the axons and start the remyelination process. However, following transection, the distal SCs lose contact with axons and remain in the de-differentiated state, which could explain the relative high level of GDF-15 at late time points (Fig. 1d) .
GDF-15 KO mice postnatally lose about 20 % of DRG neurons and motoneurons; however, the underlying mechanisms have not been resolved (Strelau et al. 2009 ). We also found that KO mice, in unlesioned conditions, have ∼15 % fewer DRG neurons (Fig. 3) . However, the difference in neuron number between WT and KO remains after SN transection and the cell survival in the two genotypes is not significantly different (Fig. 3) . Although survival-promoting molecules, e.g., c-Jun, Bad, Galanin, were found to be differentially expressed between both genotypes (data not shown), GDF-15 apparently does not play a critical role in the lesion-induced neuron survival/death.
MCP-1, IL-1β, IL-6 and MAC-2 are crucial for macrophage recruitment and phagocytosis (Makranz et al. 2006; Perrin et al. 2005) . In the present study, MAC-2, IL-1β and IL-6 were expressed at significantly higher levels in the GDF-15 KO nerve at certain time points. Furthermore, MCP-1 levels in the KO also showed a tendency to surpass its expression in WT (Fig. 4a-d ). These observations possibly indicate a stronger lesion-induced macrophage recruitment in the KO animals. Indeed, this notion was in part supported by the mRNA analysis and staining of macrophages markers CD11b and F4/80 ( Fig. 4g-m) (Murray and Wynn 2011) .
A previous study in an atherosclerosis model showed that GDF-15 deficiency impairs the expression of CCR2, attenuates MCP-1-mediated macrophage migration and, as a consequence, leads to reduced macrophage recruitment (de Jager et al. 2011) . Interestingly, another study on the polymorphonuclear leukocytes (PMNs) demonstrated an increased PMN recruitment into the infarcted myocardium in GDF-15-deficient animals . The authors interpreted this finding as a consequence of the activation of the small GTPase Cdc42 and inhibition of the small GTPase Rap1, which leads to the conformation and clustering change of β 2 integrin . The results are contradictory concerning the immune cell response to GDF-15. However, the underlying mechanism for macrophages and PMNs may differ.
SN lesion is rather a Bsterile inflammation^, where the macrophages' main task is to reconstruct the damaged tissue. Alternative macrophage activation (M2 pathway), compared to the classic macrophage activation, has been shown to support nerve regeneration (Kigerl et al. 2009; Pannu et al. 2005; Ydens et al. 2012) . Our results possibly suggest a higher degree of alternative activation of macrophages in GDF-15 KO animals, as they expressed higher levels of Arg 1 and Ym 1 (Fig. 4e, f) , which are signature molecules for the M2 pathway (Gordon and Martinez 2010) . However, in the present study, we did not observe differences in the expression of Schwann cell activation markers (Olig1, Sonic Hedgehog and S100β), which are important with regard to nerve regeneration (data not shown).
GDF-15 deficit leads to up-regulation of myelin proteinrelated genes (P0, MBP), resulting in a hypermyelination phenotype (Strelau et al., unpublished data) . Analysis of the g-ratio at 28 days after crush lesion did not reveal obvious differences between the two genotypes studied (Fig. 5e) . Considering that remyelination after lesion might be a longer process, perhaps at an even later time point, the small discrepancy in myelin thickness between the genotypes might become re-established.
The relation between SN lesion and neuron death has been investigated for many years. Several factors, including animal age, severity of injury and distance of injury to the cell body are believed to influence the neuron fate (Navarro et al. 2007 ). As shown in Fig. 6a-f , there is a difference in DRG axon number under control conditions between GDF-15 KO and WT, which could result due to the progressive postnatal neuron loss (up to 20 %) in the KO animals (Strelau et al. 2009 ). Interestingly, at 5 or 9 weeks after crush lesion, the difference in axon number between KO and WT remains, indicating that there is no additional neuron loss after crush lesion. Thus, GDF-15 deficiency does not change the adult neuron fate after lesion. Nevertheless, the measurement of axon number in different loci distal to the lesion site shows that the axonal regrowth velocity towards the distal nerve fragment is similar in both genotypes (Fig. 6a-f) .
Regenerated axons normally have a small diameter, which is a consequence of downregulation and reduced transport of neurofilament proteins (Fenrich and Gordon 2004) . On the other hand, upregulation of tubulin and actin permits a relatively high speed of neurite outgrowth but, in turn, further reduces the axonal caliber (Gordon et al. 1991; Tetzlaff et al. 1996) . At late time points of regeneration, myelination of newly formed axons could induce the phosphorylation of neurofilament M and H, which leads to a larger interfilament space and finally to an increase in axonal diameter (Hoffman et al. 1987; Kriz et al. 2000) . In the present study, at a late time point (9 weeks post-lesion), WT nerves contain a larger proportion of mid-caliber (2-5 μm) axons than KO nerves and consequently a lower proportion of small caliber (smaller than 2 μm) axons than KO nerves ( Fig. 6g-i ; Table. 1). These morphometric results are independently supported by electromyography. Our EMG experiments reveal a significant increase in conduction velocity and amplitude in WT animals at 9 weeks post-lesion, suggesting better functional recovery of WT animals (Kriz et al. 2000) . The result is also supported by a previous study on a local substitution of GDF-15 in a sciatic nerve gap after lesion, where animals with exogenous GDF-15 applied into the nerve gap exhibited a lower density of myelinated axons but larger axon diameters, meaning that Fig. 6 Tibial nerve axon quantification and diameter distribution after SN crush. Samples were taken from different positions distal to lesion, 0.5 cm (a, d, g, j), 1.2 cm (b, e, h, k) and 2.0 cm (c, f, i, l), of unlesioned (con) and crushed (crush) nerve. Two time points were checked, 5 weeks (a-c, g-i) and 9 weeks (d-f, j-l) post-lesion. a-f show total axon number, (g-l) show axons with diameters between 2 and 5 μm. m Schematic diagrams of lesion and tested tissue. Data are shown as mean±SD. n=4. p values were calculated by one-way ANOVA followed by Tukey post hoc test, *p<0.05, **p<0.01, ***p<0.001; #p<0.05, ##p<0.01 GDF-15 could promote the maturity of newly regenerated axons (Mensching et al. 2012 ).
Conclusion
GDF-15 is induced after SN lesion and shows highest expression at day 7 post-injury. GDF-15 does not alter the neuron fate after axotomy of SN. GDF-15 KO mice presumably have a stronger alternative macrophage activation and macrophage recruitment in a lesioned nerve stump. The regenerating axon protrusion speed and remyelination are similar between genotypes. However, compared to GDF-15 KO, the regrown axons in WT show a higher degree of maturation, in terms of axonal diameter. As a final outcome, WT mice, in contrast to KO animals, gain a better functional recovery as measured by electromyography, indicating a supportive role of GDF-15 in nerve repair. Fig. 7 Electromyography analysis of WT and GDF-15 KO animals after SN crush lesion. Recovery of conduction velocity from sciatic nerve to musculus digitorum brevis was shown at a 5 weeks after SN crush (n=6) and (c) 9 weeks after SN crush (n=6). Amplitude changes were shown at b 5 weeks after SN crush (n=6) and d 9 weeks after SN crush (n=6). Data are shown as mean±SEM. p values were calculated by unpaired t test, *p<0.05, **p<0.01, ***p<0.001 Table 2 Comparison of conduction velocity (CV) and amplitude at 5 and 9 weeks of lesioned WT and GDF-15 KO mice From 5 to 9 weeks WT lesion GDF-15 KO lesion CV +20 % * − 6 % Amplitude +204 % * +27 % Unpaired t test, * p<0.05, n=6
